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Abstract—A varactor-based tunable bandstop filter has been
proposed in this article. The proposed filter is based on a dual-
mode circuit developed by introducing inductive and capacitive
couplings into a notch filter. The frequency tunability is achieved
by using varactor diodes instead of the lumped capacitors in the
circuit. Next, the equivalent circuit model has been implemented
in planar microstrip technology using thin inductive traces
and varactor diodes. The fabricated filter prototype shows a
continuous center frequency tuning range of 0.66 − 0.99 GHz
with a compact size of 0.12λg × 0.16λg , where λg is the guided
wavelength at the middle frequency of the tuning range.
Index Terms—Bandstop filter, dual-mode filter, second-order
filter, tunable filter.
I. INTRODUCTION
NOWADAYS, with the advent of wireless standards usingseveral frequency bands, there is an essential requirement
in the design of communication systems with compatibility of
tuning or reconfiguring to new frequency bands [1]. Bandstop
or notch filters are useful blocks in many of these systems for
rejecting unwanted bands. Thus, there is a particular require-
ment in designing tunable bandstop filters for such systems.
Variety of configurations and methods have been developed for
tunable bandstop filters [1]–[8]. The filter in [1] incorporates
λ/2 coupled line resonators yielding a large circuit size. In [2],
[3], lumped-element tunable bandstop filters are designed for
cognitive radios. Nevertheless, the quality factor of lumped-
elements are limited for higher frequency implementations.
Furthermore, three-layer PCB is required for realizing the
inductive couplings in [3] and precise position adjustment
should be performed to design the required coupling between
the inductors. In [4], a high rejection tunable stopband filter is
designed using multi-layer circuit board. High quality factor
is achieved in [5], [6] by using microstrip-line-coupled cavity
resonators tuned by piezo actuators. However, they require
complicated multilayer fabrication. Micro-electromechanical
(MEMS) varactors are used in [7] for tuning distributed
coupled-line bandstop filters. Nevertheless, the coupled line
configurations are not compatible with small size devices at
lower frequencies. A tunable bandstop filter is designed by
tunable defected ground (DG) resonators loaded with BST
varactors in [8]. However, this filter suffers from a low tuning
range and high return loss.
This paper presents a dual-mode varactor tunable two-pole
bandstop filter. The dual-mode circuit is designed by intro-
ducing inductive and capacitive couplings into the in/output
resonators of a notch filter. Thin inductive traces are used
for implementation of inductors. In contrast to the previous
designs, the inductive coupling is realized by a third inductor
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Fig. 1. Circuit model of the filters. (a) Introducing inductive and capacitive
couplings to the notch filter. (b) The proposed bandstop filter after replacing
the inductive and capacitive couplings with their equivalent circuit models.
embedded in the ground plane of the circuit. This alleviates
the need for complicated three-layer fabrication, offers more
flexibility in designing the coupling coefficient, and saves the
top layer circuit area leading a more compact size. The filter
design procedure and the operation principle are explained in
the next sections.
II. FILTER DESIGN
A. Synthesis of the Filter
The proposed filter is designed by applying inductive and
capacitive couplings between the series LC resonators of the
degenerative-pole notch filter as indicated in Fig. 1(a) [2]. As
explained in [9], introducing the couplings separates the two
poles of the filter resulting in a dual-mode bandstop filter [9],
[10]. The J12 inverter can be realized with a 90
◦ transmission
line. By replacing the inductive and capacitive couplings with
their T and π equivalent circuits respectively, the circuit model
takes the form shown in Fig. 1(b). The L and C values in Fig. 1
can be synthesized as [11]
ZT =
Z0√
g0g3
, (1)
L =
Z0
∆ω0
√
g1g2
, (2)
C =
1
ω2
0
L
, (3)
where g0 − g3 are the element values of the lowpass filter
prototype, ω0 is the central frequency of the filter, Z0 is the
termination impedance, and ∆ is the fractional bandwidth.
Next, using the standard coupled-resonators filter theory, the
element values of the filter in Fig. 1(b) are calculated as [11]
LM = ∆kL, (4)
L1 = (1−∆k)L, (5)
CM = ∆kC, (6)
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Fig. 2. Modified circuit model to acheive practical values for the varactors.
C1 = (1−∆k)C, (7)
where k is the normalized coupling coefficient between the
input and output resonators.
B. Tunable Filter
A tunable bandstop filter is designed by replacing the C1
and CM capacitors with varactor diodes, where the C1, mainly
controls the center frequency and CM is used to control the
rejection level [7]. However, the circuit in Fig. 1(b) results in
very small values of CM that might not be achievable using
commercially available varactors. To address this challenge,
the circuit in Fig. 2(a) can be used. In this circuit, series
capacitors CC are introduced to acheive more practical values
of the capacitors. By choosing a practically available value for
CC , and equating the T counterpart models of the capacitors
in Fig. 1(b) and Fig. 2(a), the Ca and Cb can be obtained as
Ca =
CkCj
2Ck + Cj
, (8)
Cb =
C2k
2Ck + Cj
, (9)
where Ck and Cj are intermediate variables given by
Ck =
(1 +∆k)CCC
CC − C(1 + ∆k)
, (10)
Cj =
1− (∆k)2
∆k
C. (11)
The C value is obtained from (3) and the L1 and LM
inductances are the same in Fig. 2(a) and Fig. 1(b).
C. Planar Implementation of the Tunable Filter
The filter in Fig. 2 can be implemented using lumped
components. But, the achievable rejection of the filter would
be limited due to the low quality factors of commercial lumped
components. Thus, a realization using microstrip is preferable
due to lower loss at higher frequencies [9]. An implementation
in microstrip is shown in Fig. 3, where the L1 inductors are
implemented with two thin meandered traces with w1 width.
The ground metallization is removed beneath these two traces
to enhance the L1 inductances. Also, LM is realized with the
thin metallic trace of t width in the ground plane. The D1
varactors are considered to implement Ca variable capacitors,
and the pairs of D2 series varactors act as the variable Cb
capacitors. A via hole connects D1 varactors to LM in the
ground plane. Finally, the microstrip section between the two
CC capacitors is designed to act as a λ/4 impedance inverter.
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Fig. 3. Plannar implementation of the tunable filter in microstrip technology.
The top microstrip metallization is shown in orange, whereas the ground
metallization is gray. The dimensions are: d1 = 11.7 mm, w1 = 0.8 mm,
d2 = d4 = d5 = 4.2 mm, d3 = 7.1 mm, d6 = 4.2 mm, w = 3.5 mm,
l1 = 14.4 mm, l2 = 20 mm, t = 0.8 mm, l3 = 12.5 mm, l4 = 38.3 mm.
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Fig. 4. (a) Inuctive trace in ground plane realizing LM and it’s circuit model.
(b) Circuit for optimizing the dimensions of the L1 trace.
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Fig. 5. Comparison between the EM and circuit model simulations of the
designed tunable bandstop filter for three different values of Ca, and Cb.
The design starts by obtaining the element values of the
circuit in Fig. 2 using (1)-(11). The filter should be designed
for the center frequency of the tuning band. Then, the tuning is
achieved by using varactors instead of the lumped capacitors.
The initial dimensions of the metallic trace implementing LM
are obtained using the closed-form equations for microstrip
inductors in [12]. Then, the dimensions are optimized by
simulating the structure in Fig. 4(a) using ADS Momentum,
where the LM is found from the susceptance slope. The next
step is to find the dimensions of the thin trace implementing
L1. Likewise, equations in [12] are used as initial values.
Then, the dimensions are optimized by simulating the structure
in Fig. 4(b) and finding the transmission zero frequency
ωz , where L1 is found by knowing LM , Ca and CC . For
validation, a Butterworth bandstop filter is designed with a
center frequency of 0.83 GHz and ∆ = 18%. The equivalent
circuit model parameters by considering CC = 2.2 pF are
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Fig. 6. The fabricated filter prototype. (a) Front view, and (b) Back view.
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Fig. 7. Comparison between the simulated (solid line) and measured (dashed
line) S-parameters of the filter. The (V1, V2) values for different cases are:
(15 V, 35 V) for Case 1, (8.5 V, 30 V) for Case 2, (6 V, 11 V) for Case 3,
(4.2 V, 5 V) for Case 4, (1.7 V, 0.2 V) for Case 5.
L1 = L2 = 27 nH, LM = 3.1 nH with Ca = 1.9 pF, and
Cb = 0.5 pF. The layout dimensions are then optimized by
curve fitting of the EM and circuit simulations in the Keysight
ADS software by considering a Rogers RO4350 substrate
with ǫr = 3.48 and 1.524 mm thickness. A comparison
between the EM and circuit model simulations provided in
Fig. 5 shows a good agreement validating the design proce-
dure. The comparison is performed for the center frequencies
of 0.66 GHz and 0.99 GHz as well, with the corresponding
Ca and Cb values given in the inset of Fig. 4(a), where all
the other circuit parameters are kept unchanged. These results
verify the tunability of the designed filter by varying the Ca,
and Cb capacitance values.
III. EXPERIMENTAL VALIDATION AND RESULTS
A prototype of the proposed filter is fabricated and tested
for validation. Fig. 6 shows the front and back views of the
fabricated filter. The Infineon BB837 surface-mounted diodes
are used as varactors. The biasing networks are made of
R = 10 kΩ resistors, and CDC-block = 100 pF capacitors.
Fig. 7 shows the EM simulated and measured S-parameters
of the filter, where the series parasitic resistance of the
varactor from the maufacturer’s SPICE model is considered in
simulations [13]. The filter shows a continuous tuning of the
center frequency from 0.66 GHz to 0.99 GHz with an almost
constant −3 dB stopband fractional bandwidth of 18%. The
measured stopband return loss (SB RL) of the filter is less than
0.8 dB, whereas the passband insersion loss (PB IL) is less
than 0.55 dB within the tuning range. A relatively low SB
RL and PB IL are attributed to the larger bandwidth of the
TABLE I
COMPARISON OF VARIOUS TUNABLE BANDSTOP FILTERS
Ref.
Tun.
mech.
Rej.
(dB)
Tun.
Range (GHz)
∆
(%)
Size
(λ2g )
SB
RL (dB)
PB
IL (dB)
[1] Varactor 50 1.75–2.2 (11.4%) 10 0.18 2 0.65
[2] Varactor 17 0.47–0.73 (43%) 4.5 0.0004 3 0.4
[3] Varactor 23 0.6-0.99 (49%) 10 0.005 N. G. 1
[4] Varactor 40 0.76-1.05 (32%) 8 0.034 2 1.52
[5] Piezo Act. 45 2.77–3.57 (25.2%) 0.9 0.5 2 2.4
[6] Piezo Act. 30 2.7–3 (10.5%) 1.5 0.15 1.8 2
T. W. Varactor 27 0.66-0.99 (40%) 18 0.019 0.8 0.55
designed filter with respect to the previous ones, using thin
meandered microstrip inductors instead of the lumped ones,
and using λ/4 microstrip stub as an impedance inverter instead
of lumped inductor. A comparison between the performance
of the designed filter and state-of-art designs in Table I
reveals that the designed filter is more compact compared
to the topologies implemented with microstrip inductors or
distributed resonators. Moreover, the table shows a competitive
performance of the proposed filter in terms of the tuning range,
and rejection.
IV. CONCLUSION
A second-order tunable bandstop filter has been presented
based on a combination of lumped elements and microstrip-
based components. An equivalent circuit-based design method
has been developed for synthesizing the element values of
the filter. The proposed topology offers compact size, high
rejection level, and a wide continuous tuning range.
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